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With over 10,000 acres burned in wildland fires in 2014 in Mississippi, accurate
fire hazard prediction is of great importance. Soil moisture, fuel moisture, and fire hazard
are inextricably linked. Remote estimation of soil moisture in the Southeastern United
States for fire hazard modeling is hampered by the use of models engineered for other
physiographic regions and the prevalence of deep, fast-draining sands underneath heavy
vegetation. United States Geologic Service hydrographs were investigated and compared
to nearby soil moisture and precipitation readings in an attempt to identify the links
between stream gauge readings and watershed soil moisture. Stream gauge peaks
corresponded within a three day window of soil moisture peaks 73.3% of the time, with
43.8% of peaks occurring simultaneously, thus verifying the indicative nature of local
hydrographs. With further study, this easily accessed proxy variable could enhance
currently used soil moisture models and drought indices.
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CHAPTER I
INTRODUCTION
Soil moisture has long been known to be a controlling factor in many natural
phenomena. Vegetation growth, wildfire risk, flooding potential, slope slip risk,
mosquito-borne disease hazard potential, and agricultural commodity yield all have soil
moisture as a driving component in their modeling (Entekhabi et al., 2010). While
understood to be of great influence, soil moisture is a difficult concept to accurately
predict due to its rapid fluctuation, the sheer number of influencing variables, and the
limitations of data collection methods.
Soil moisture is one of the most driving variables in fire risk modeling, but also
one of the most complicated to define (Pyne, 1984). The ability to accurately estimate
real-time soil moisture deficit is of utmost importance to wildfire risk prediction, and can
be considered as a stand-in for wildland fire potential (Cooke et al., 2012). Pellizzaro et
al. (2007) found very strong correlations (r=0.63-0.98) between soil moisture and live
fine fuel moisture content, and Dimitrakopolous et al. (2010) quantified the strong link
between live fine fuel moisture content and ignitability. In the United States in 2014
alone, over 3.5 million acres were burned in wildland fires, resulting in federal
suppression costs of over $1.5 billion (National Interagency Fire Center, 2015). As
wildfires are expected to increase in area burned significantly over the next forty years
(Spracklen et al., 2009), the ability to anticipate a high-risk fire season is paramount. In
1

the Southeast, fire risk prediction is hampered by ill-fitting models and the use of proxies
created for other ecological and physiographic regions, even though the Southeast has the
greatest number and area of prescribed burns and wildfires in the United States (Mitchell
et al., 2014). Fire risk modeling is steadily improving, but more research is needed for
region-specific model improvement (Dixon et al., 2008).
This thesis postulates that by using public domain United States Geological
Survey stream gauge data, live fuel moisture can be reliably predicted. Stream gauge data
is widely available, collected on a fine temporal rate, which can be scaled up as needed,
and is irrespective of land cover and canopy density. William Alley, former chief of the
USGS’s Office of Groundwater stated in 1984:
“An alternative source of information on surface runoff conditions are index
streamflow-gaging stations... These stations have relatively long periods of record
and represent relatively natural conditions. Drought indices could be developed
that rely on the flows themselves or on a suitable transformation to account for a
specified level of development.”
Yet, little to no research has been undertaken to follow up this idea. Stream gauge
readings could be the answer to easily accessible, easily computable live fuel moisture
indices in the sandy Southeast.
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CHAPTER II
LITERATURE REVIEW
Soil Moisture and the Hydrograph
It is well known that soil moisture content is governed by inputs such as
precipitation and baseflow and outputs including evapotranspiration and throughflow.
Redistribution of water through the soil profile and out of the root zone is a function of
the soil’s hydraulic properties, the volume and intensity of the initial wetting, and the
moisture of the underlying soil (Hillel, 1998). These hydraulic properties can be inferred
from slope, texture, and structure, while the wetting component can be determined from
radar precipitation estimates or rain gauge arrays. A generalized view of the soil
hydrologic cycle can be seen in Figure 1.

Figure 1

Movement of water through the soil (Wysocki et al., 2012)
3

The volumetric water content within soil water storage is the more difficult
component to quantify. Soil moisture is traditionally used to predict saturation and runoff,
which in turn is used in river stage and flood prediction (Entekhabi et al., 2010), but there
is limited research using stream gauge information to anticipate soil moisture content.
Precipitation and antecedent soil moisture have been shown to have much larger effect on
runoff coefficient, and thereby stream gauge reaction, than land use and soil type (Merz,
Bloschl, and Parajka, 2006), showing the close relationship between precipitation, soil
moisture, and stream gauge readings. McGlynn et al. (2004) investigated the effects of
antecedent moisture on a headwater catchment, finding that small rains on dry antecedent
conditions resulted in a more lagged and damped hydrograph. Additionally, runoff occurs
more in the hilly headwater landscapes, while infiltration occurs in the wide young
terraces. However, wetter antecedent conditions resulted in runoff production across the
landscape, regardless of landscape shape. Within Mississippi forested soils, particularly
those with an argillic layer, throughflow was found to contribute up to 90% of the rainfall
to the hydrograph within three hours of a rainfall event onset, on average (Beasley,
1976). This evidence further accentuates the close correlation between watershed soil
moisture and the outlet hydrograph.
Hydrographs show the runoff conditions present in a watershed and can convey a
large amount of information about the hydrologic processes at play. From Bedient and
Huber’s Hydrology and Floodplain Analysis:
“The shape of the hydrograph is produced by components from (1) surface runoff,
(2) interflow [or throughflow], (3) ground water or baseflow, and (4) channel
precipitation...The actual shape and timing of the hydrograph is determined
4

largely by the size, slope, and storage in the basin and by the intensity and
duration of input rainfall.”
If a hydrograph is not showing immediate reaction to a given rain event, this “loss” is
being captured by the soil water storage capacity as infiltration and throughflow. If a soil
is already saturated, or at “field capacity,” the hydrograph reaction will be that much
more immediate. A simplified hydrograph is shown in Figure 2, showing the components
of a hydrograph. Figure 3 displays the different inputs that create a gauge peak above
base flow in a hydrograph during a rain event.

Figure 2

Hydrograph components (Bedient and Huber, 1992)
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Figure 3

Hydrograph inputs (Bedient and Huber, 1992)

Soil Moisture and Fire Hazard
Wildland fire risk, intensity, ignitability, and rate of spread are all intricately tied
with fuel moisture and therefore soil moisture (Pellizzaro et al., 2007, Dimitrakopolous et
al., 2010, and Jolly, 2007). Dead fuel moisture is dependent on precipitation, humidity,
evaporation, and soil moisture (Pyne, 1984). In unpruned pine stands like those found in
southeast Mississippi, soil moisture is strongly correlated with needle litter fine fuel
moisture (Pook and Gill, 1993). Live fuel moisture, until the plant dries to the curing
point, both retards fire risk with a higher moisture level yet provides highly flammable
fats and extracts. For all of these fuel opportunities, extended drought exacerbates the fire
risk by transforming live fuels into dead fuels and lengthening the residence times of
coarser fuels, thus increasing the available fuel load. Through the adaptions of plants to
allow survival in times of drought and the properties of adsorption, both live and dead
fuels recover and retain moisture very quickly after precipitation events and cure at a
6

much slower rate (Pyne, 1984). Dimitrakopoulos and Papaioannu (2001) determined that
moisture content was the single most significant variable when investigating ignitability
in forest fuels, more so than species or oil content, thus reaffirming that accurate
estimation of soil moisture and thereby fuel moisture is of utmost concern in fire hazard
modeling.
Measuring Soil Moisture
Current soil moisture measurement techniques all have drawbacks, and require
significant research prior to initiating field measurements in order to calibrate sensor
networks or site-correct satellite data. Catchment-scale soil probe sensor networks are the
most suitable for vadose zone observation, but require large amounts of equipment,
manpower, and a reliable power source (e.g., Cardell-Oliver et al., 2005). Microwave
satellite readings are of limited accuracy in heavily vegetated areas (Sahoo et al., 2008),
such as the pine and hardwood forests of the Southeast, and have major issues
downscaling to the resolution needed for regional and watershed modeling (Jackson et
al., 2010). Ground penetrating radar and satellite data both suffer from temporal
resolution restrictions that limit real-time fire and flood risk modeling (Vereecken et al.,
2008). In addition, whichever method is chosen, whether remote sensing via satellite,
creating a soil moisture sensor network, or employing ground-penetrating radar, data
collection will be a significant portion of the research effort.
The widely accepted drought indices used to predict soil moisture are Palmer
Drought Severity Index (PSDI), normalized difference vegetation index (NDVI), and
Keetch-Bynum Drought Index (KBDI). These indices are all used to give an
approximation of soil moisture and resulting plant drought stress. These indices work
7

well typically, but have been shown in the following studies to each have their issues
when applied to the southeastern United States.
Palmer Drought Severity Index is calculated as a supply and demand water
balance using temperature, evapotranspiration, and precipitation. PDSI has been a widely
accepted indicator of drought, but has been shown to be insensitive to short term drought
and outdated (Alley, 1984). PDSI is also only weakly correlated with soil moisture in the
winter and spring months, the highest fire frequency season in Mississippi (Dai et al.,
2004 and Cooke et al., 2007), because it does not take into account the seasonal and
annual changes in root development and vegetation cover. Research has also shown that
the PDSI could be reflecting artificial initial conditions rather than actual conditions for a
period up to four years, limiting it’s efficacy in real-time fire prediction (Guttman, 1991).
Normalized difference vegetation index is a remotely sensed “greenness of leaf”
indicator. NDVI is correlated with soil moisture in pasture and cropland situations, but
the lagged temporal response from water inputs due to delay in green up in forested land
use limit NDVI’s use in time-sensitive modeling (Narasimhan et al., 2005). NDVI is
based on the assumption that adequate moisture equals healthy vegetation, but in
extremely well-drained, sandy forested systems, the soil moisture present at the soil
surface and upper root zone is decoupled from the soil water content found deeper in the
root zone (Carlson, Gillies, and Schmugge, 1995). Narasimhan et al. (2005) also
observed that NDVI doesn’t shows limited response in wet years/climates.
Keetch-Byram Drought Index is the index predominately used by the Mississippi
Forestry Commission and the Southern Area Coordination Center in fire risk
determination and is distributed by the Wildland Fire Assessment System. Due to its wide
8

use, KBDI will be used as the metric of comparison for this study. Data for KBDI
calculation is collected at 19 Remote Automatic Weather Stations (RAWS) around
Mississippi (Figure 4), with none present in the Delta or Loess Bluffs, and only one
station falling within the Upper Coastal Plain. For comparison, there are over 100 USGS
stream gauges spread across the state.

Figure 4

RAWS sites vs. USGS stream gauge sites

KBDI is calculated for the top eight inches of soil from maximum daily
temperature, annual average precipitation, 24-hour rainfall, and the previous day’s KBDI,
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and is on a scale from 0 to 800, as seen in Table 1, with 0 being saturated soil and 800
being acute moisture depletion. The equation can be written as:
DFt = ((800 – KBDIt-1)(0.988e0.0875TMaxt+1.5552 – 8.30) x 10-3) / (1 + 10.88e-0.0174R)

(1)

where DFt is the drought factor, TMaxt is the daily maximum temperature (°C), R
is mean annual precipitation (cm), and KBDIt-1 is the KBDI for time t-1 (Janis, Johnson,
and Forthun, 2002).
Table 1

Description of soil moisture conditions at corresponding KBDI values

KBDI Value

General Description

0 – 200

Soil moisture and large class fuel moistures are high and do not
contribute much to fire intensity. Typical of spring dormant season
following winter precipitation.

200 – 400

Typical of late spring, early growing season. Lower litter and duff layers
are drying and beginning to contribute to fire intensity.

400 – 600

Typical of late summer, early fall. Lower litter and duff layers actively
contribute to fire intensity and will burn actively.

600 – 800

Often associated with more severe drought with increased wildfire
occurrence. Intense, deep burning fires with significant downwind
spotting can be expected. Live fuels can also be expected to burn actively
at these levels.

From Keetch and Byram, 1968.
KBDI is a useful predictor of fire risk (i.e. periods of drought) when used in
conjunction with surface soil moisture (Cooke et al., 2012), but is not a dependable
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indicator in sandy, fast-draining soils found in the natural river levees and ridge and slope
soils formed from fluviomarine sediments of the Southeast (Sparks et al., 2002 and
Burgan, 1993) and is shown to have little correlation with fire potential (Morris, 2007)
when used alone. This is particularly troublesome due to the sandy soil prevalence of the
entire lower Coastal Plains and uplands and terraces of the upper Coastal Plain. KBDI,
like Palmer Drought Severity Index, runs into the issue of low drought index (Jenkins,
Klein, and McDaniel, 2011) and low correlation with live fuel moisture content in the
spring season (Dimitrakopoulos and Bemmerzouk, 2003), thus at odds with the major fire
season in the Southeast (Dixon et al., 2008).
A possible explanation for this consistent “exception to the rule” for drought
indices displayed in the Southeast may be micro-scale soil moisture regime aberrations.
Excessively drained sandy soils within Udic-mapped regions have shown Ustic regime
trends (Mount et al., 2002), which result in limited water availability during the growing
season. This may also be the reason for the NDVI-soil moisture disconnect discussed by
Carlson, Gillies, and Schmugge (1995).
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CHAPTER III
METHODOLOGY
Study Site Characteristics
The study site seen in Figure 5 was chosen due to its proximity to a United States
Geological Service-monitored stream gauge, its soil catena, land ownership, and land use.
Soil catena was a crucial aspect of site determination, with a soil complex of wide extent
under typical use being the primary determining factor. The study location fell within the
Petal-Susquehanna-Benndale (PEC) soil association of Forrest County, Mississippi with
one sensor located in the transition zone to the Latonia-Trebloc association found on
lower terraces, as seen in Figure 5. The typical pedon for the Petal soil series is located at
31.047405°N, -89.227953°W, less than 500 meters from the study site, thus validating
that this site is located on representative soil profiles, and type locations for all three other
soils represented are within 50 kilometers of the study site. Benndale, Petal, and
Susquehanna (and the closely related McLaurin and Freest) soils represent roughly 40%
of the soils mapped in Forrest County, and are of wide extent in the Southern Coastal
Plains, determined via the Natural Resource Conservation Service’s Soil Extent Mapping
tool. This soil catena is typical of the area and represents a well-developed upland, slope,
and upper and lower terrace. This study site also falls under two high-risk factors for
Mississippi wildfires: located in southern Mississippi and a pine-dominated forestland
cover (Grala and Cooke, 2010).
12

Figure 5

Study site location

The soil catena present in the study area (Figure 6) is very common in the acidic
southeast pine forest of Mississippi and features sandy uplands, clayey terraces, and
sandy-to-loamy floodplains. Benndale soil is characterized with a sandy topsoil
overlaying a loam argillic layer, resulting in moderate permeability, found on ridgetops
and shoulder slopes. The pedon then sands out, which allows the soil water to move out
of the macropores and on to base or through flow. Petal soil features a deep loam over a
heavy argillic layer, resulting in a perched water during wet periods even though it is
moderately well drained. Due to their defined catena location of gentle to steep slopes,
Petal soils are more likely to have runoff than infiltration. Susquehanna soils are found on
high terraces in south Mississippi, and can have clay present a high as 25 centimeters in
the pedon. While not quite a Vertisol, Susquehanna soils are vertic, with shrink-swell
13

clays present within the particle size control section. This vertic capacity creates
somewhat poorly drained soils with slow permeability and a rapid runoff rate when
antecedent conditions are wet. Trebloc soils are present on floodplain and low terraces,
featuring a silt loam over a weak argillic layer. Due to a high water table in the wet
season, gleying is present in the surface horizons and drainage is classified as poor. The
taxonomic details and observed site-specific attributes can be seen in Table 2.
Table 2

Soil pedon descriptions

Soil Type
Benndale

Petal

Susquehanna

Taxonomic Name

Observed texture

Coarse-loamy, siliceous, semiactive,

Loamy sand, sandy loam at

thermic Typic Paleudults

depth

Fine-loamy, siliceous, active,

Loamy sand surface, silt loam

thermic Aquic Paleudalfs

at depth

Fine, smectitic, thermic Vertic

Loam surface, clay at depth

Paleudalf
Trebloc

Fine-silty, siliceous, active thermic

Sandy loam surface, loam at

Typic Paleaquults

depth

All of the study site soils of moderate to large extent across the Southern Coastal
Plain, strengthening the assertion that this study is indicative of similar catenas across the
Gulf Coast region. Additionally, the type locations for all soils are 50 kilometers or less
from the study site location.
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Figure 6

Study area soil map

The study site lies within the DeSoto National Forest under longleaf pine canopy
and mixed pine-hardwood understory. The DeSoto National Forest is the largest
protected woodland in Mississippi at over 500,000 acres and one of the last large tracts of
longleaf pine forests. Data was recorded from mid-December 2011 through early
February 2013. This study focuses on the lower ridge and terrace system in an attempt to
amplify the link between the observed soil moisture and stream gauge readings (Figures 7
and 8). The USGS gauge station is located approximately 2.4 kilometers away at the
intersection of the Black Creek and US Highway 49. The Black Creek is a tributary of the
Leaf River and ultimately the Pascagoula River, the only non-controlled major waterway
15

in Mississippi and one of the largest undammed rivers in the contiguous 48 states (The
Nature Conservancy, 2015). The stream gauge falls within the 34 kilometers of the Black
Creek deemed a “National Wild and Scenic River” (the only river designated so in
Mississippi) by the Wilderness Act in October 1984, reinforcing the natural state of the
study area.

Figure 7

Study area elevation
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Figure 8

Study area slope

The Southeast and this study site exhibit a Udic soil moisture regime with luxury
rainfall in the winter and spring months and depletion of soil water storage in the summer
months. A Udic regime is also defined by not having a dry period longer than 90 days in
a year and water moves through the soil profile in all months (Keys to Soil Taxonomy,
2014). Figure 9 shows this graphically.

17

Figure 9

Soil moisture regime of study site, (Brady, 1990)

Equipment and Data Collection
Soil moisture and precipitation data was collected with a set of Decagon 10HS
soil moisture sensors, a Decagon ECRN-100 tipping bucket rain gauge, and an EM-50R
radio data logger; and stream gauge data was compiled from USGS National Streamflow
Information Program. Decagon 10HS sensors have been found to have a correlation to
time-domain reflectometer readings greater than 0.8 (Mittelbach et al., 2012). The soil
moisture sensors were buried at a depth of 12 cm below the soil surface to collect
volumetric water content readings over a 1.3 liter soil volume where the root zone was
predominantly composed of forb and grass roots. Two sensors were placed at each pedon
location, approximately three meters apart, to create duplication within soil type. Soil
moisture and precipitation readings were recorded at twelve hour intervals. Stream gauge
readings were collected as a daily average from the USGS National Water Information
System.

18

The temporal resolution of the stream gauge data can be scaled up or down as
needed, as the stream gauge height is recorded every fifteen minutes. Data collection was
relatively seamless, with no interruptions in precipitation or stream gauge data collection.
There were limited gaps in the soil moisture data due to equipment malfunction, but only
once at both replications simultaneously.

19

CHAPTER IV
RESULTS
This study was able to collect data continuously for a fourteen month period, from
December 2011 until February 2013. Over the study period, data was captured that
represented a high degree of climatic variability. April, May, and November 2012 were
ranked in the bottom third driest on record and the Black Creek came within 1 centimeter
of its lowest recorded level in June of 2012 with a hydrograph reading of 1.04 meters. In
contrast, August 2012 was the wettest on record due to Hurricane Isaac’s landfall on
August 27th, 2012 and included a flood crest on the Black Creek on August 31st, 2012
that equaled the highest ever recorded at 8.22 meters (National Centers for
Environmental Information, 2015).
Soil moisture, precipitation, and stream gauge data all showed extreme temporal
similarities. Values and trends can be seen in Figure 10 (a-e).
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(a)

Figure 10
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Data assimilation graphs

(b)

Figure 10 (Continued)
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(c)

Figure 10 (Continued)
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(d)

Figure 10 (Continued)
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(e)

(a) Benndale (b) Petal, ridge (c) Petal, slope (d) Susquehanna (e) Trebloc

Figure 10 (Continued)
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When all soil moisture gauges were normalized on a scale of one to zero, the clear
temporal overlap is apparent (Figure 11). This graph shows that peaks and troughs are
happening simultaneously, though at different magnitudes due to soil type, location
within the catena, and vegetation influence.

Figure 11

All soil moisture peaks, normalized.

The seasonal trends were broken down according to the fire seasons defined by
Grala and Cooke (2010) as January-April, May-August, and September-December, with
January-April being the most active (Figure 12 (a-e)). While the summer season had a
maximum soil water content on par with spring and fall, the minimum soil moisture in
summer was much lower than the spring and fall fire seasons. As expected, the sandier
26

soils had maxima at field capacity much like the heavier soils, the range between
minimum and maximum was much greater in the sandier soils, due to the decreased
water holding capacity of the coarser textured soils. The stream gauge seasonal trend
graph (Figure 12(f)) shows the incredibly high flood crests of the intense, long-duration
rains that occurred in 2012, but the average shows the more typical base flow present in
the Black Creek.
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a)

b)
Figure 12

Seasonal trends
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c)

d)
Figure 12 (Continued)
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e)

f)
Figure 12 (Continued)
(a) Benndale (b) Petal, ridge (c) Petal, slope (d) Susquehanna (e) Trebloc (f) Steam guage
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Peaks in stream gauge readings, soil moisture, and precipitation were all very
closely temporally linked. There is clear overlap with all variables captured, and
mirroring between stream gauge and soil moisture readings during both wetting and
drying periods. Interestingly, the peaks are much more defined and less noisy in the
upland sandy soils compared to the heavier terrace and bottomland soils, indicating that
stream gauge readings are more indicative of soil moisture trends in the areas where other
widely-used drought indices such as KBDI are more problematic (Sparks et al., 2007). In
order to quantify, peaks were identified as local maxima within a thirty-six hour window
(Figures 13 and 14). This method captured greater than 90% of peaks, with remaining
known events being heuristically defined. The timestamps of identified peaks were then
used to quantify lag and lead time relationships between soil moisture and stream gauge
readings. The record high flood crest and near record low hydrograph readings that
occurred on the Black Creek in 2012 are obvious in Figure 13.

31

(a)

Figure 13

32

Soil moisture peak comparison
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Figure 13 (Continued)

(b)
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Figure 13 (Continued)

(c)
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Figure 13 (Continued)

(d)

Figure 13 (Continued)

(e)

(a) Benndale (b) Petal, ridge (c) Petal, slope, (d) Susquehanna (e) Trebloc
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Figure 14

37

Stream gauge peaks

KBDI was chosen as the comparison metric for this study, as it is one of the
determining variables for fire risk for the Mississippi Forestry Commission and has been
collected on the national and regional level for many years. KBDI values were captured
at the Black Creek RAWS located 45 kilometers southeast of the study area and
distributed by the Wildland Fire Assessment System. KBDI troughs, shown in Figure 15,
were assigned in the same manner as stream gauge and soil moisture peaks, at the point
of inflection within a three day window.

Figure 15

KBDI troughs

Distribution of lag and lead times show extremely close temporal relationships
between soil moisture peaks and stream gauge peaks (Figure 16(a-f)). For all data
collected, there were virtually simultaneous peaks between soil moisture and stream
gauge 43.8% of the time. Correspondingly, 73% of soil moisture peaks were within the
time period 36 hours prior to and after each stream gauge peak. This suggests that stream
gauge peaks are a strong real-time indicator of soil moisture peaks, allowing for
38

adjustment of conditions on a finer temporal scale than currently used in the commonlyused model, SWAT, which is updated weekly (Narasimhan et al., 2005). Beasley (1976)
found that subsurface flow in forested soils with an argillic horizon present (as all the
soils in this study site have) moves extremely quickly, with peaks occurring in downslope
trenches an average of 168 minutes after precipitation onset, and occasionally within one
hour of precipitation onset. While Beasley’s study was on small-scale plots, this timesensitive reaction would still allow for response from watershed precipitation to be seen
on the hydrograph within hours, if needed. The remaining 17.2% of soil moisture peaks
not captured could simply be micropeaks that would require further optimization of the
peak detection algorithm to be correctly categorized.
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(a)

(b)

(c)

(d)

(e)

(f)
Figure 16

Lag and lead time histograms

(a) All sites (b) Benndale (c) Petal, ridge (d) Petal, slope (e) Susquehanna (f) Trebloc
Correlations between “simultaneous” stream gauge peaks and soil moisture peaks
resulted in an R2 median value of .528, exhibiting moderate positive correlation. R2
values (shown in Table 3 and Figures 17 and 18) are highest in our upland, sandier soils,
exhibiting better model fit in areas more prone to fire hazard.
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Table 3

Regression values
Zero Hour R2 Values

36:-36 Hour R2 Values

Trebloc, Port 1

.388

.444

Trebloc, Port 2

.533

.307

Petal, ridge, Port 1

.591

.459

Petal, ridge, Port 2

.526

.300

Petal, slope, Port 1

.525

.277

Petal, slope, Port 2

.541

.344

Benndale, Port 1

.130

.163

Benndale, Port 2

.599

.475

Susquehannah, Port 1

.272

.264

Susquehannah, Port 2

.531

.422

Sensor ID
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Figure 17

42

Zero hour scatterplots
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Figure 17 (Continued)

(i)

(g)
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(j)

(h)

Figure 18

44

36:-36 Hour window scatterplots
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Figure 18 (Continued)

(i)

g)
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(j)

(h)

When plotted against KBDI, the inverse relationship between soil moisture and
KBDI can be clearly seen in Figure 17. When all KBDI troughs and their lag and lead
time from soil moisture peaks are aggregated (Figure 18), 41.5% of KBDI troughs
happened simultaneously with soil moisture peaks and 70.7% of KBDI troughs fell
within a 36 hour window bracketing soil moisture peaks. These results show an
improvement in both immediate and short-term capture of fuel moisture state change
when using stream gauge peaks as a proxy variable for soil moisture instead of KBDI
troughs.

Figure 19

Soil moisture vs KBDI
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Figure 20

KBDI histograms

When identifying peaks in soil moisture across all sites, a range of 72 to 110
peaks were labeled per site. A total of 49 peaks were labeled in the stream gauge data set
and 57 troughs in the KBDI data set. It can be inferred that KBDI is slightly more
sensitive to rain events lowering the drought index, but those rain events were not large
enough to affect the watershed discharge, and possibly not enough to actually affect the
fuel moisture state.
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Figure 21

Stream gauge versus precipitation

A period of intense drying can be seen late April through June (Figure 10), with a
rapid response to precipitation, and a gradual return to near wilting point conditions due
to the summer drought. Observationally, it takes approximately three weeks on two
different occurrences during this period for soil moisture to transition from a plantavailable water state to a water-stressed state. A similar break in stream gauge peaks
occurs over the same period, corroborating that the absence of stream gauge peaks
indicates drought conditions and increased fire fuel potential. Moisture activity picks
back up with the late summer to fall tropical storm season, then senesces through late fall
until the next year’s wet spring. It should also be noted that the hydrograph seems to
reflect antecedent conditions. For example, in February 2012, a small precipitation peak
corresponds to a larger than expected stream gauge peak. It appears that the recent rain
events had an additive effect on stream levels, allowing the assumption to be made that
soil and fuel moisture are high and fire hazard is low. This does in fact seem to be
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reflected in Figure 10. The contradictory scenario occurs in mid-June 2012. A large rain
event occurs, but a relatively small stream gauge peak corresponds. Looking at the recent
precipitation record, it can be confirmed that the antecedent watershed conditions are
very dry. When compared to the soil moisture readings, a large jump in volumetric water
content is observed but is quickly brought back down to near wilting point conditions.
This functionality could be used to enhance fuel moisture models already in place.
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CHAPTER IV
CONCLUSIONS
It has long been known that watershed soil moisture and throughflow and the
stream that it affects have a closely-knit relationship. As early as 1984, it has been
proposed that stream gauges could be used as a proxy for the regional drought index
(Alley, 1984). Including stream gauge readings in hydrologic models is known to
improve the prediction of soil moisture estimates within a watershed (Lee et al., 2011).
These gauges are widespread with over 1400 USGS gauge stations across the Southeast,
have a substantial period of record, easy access and download, and provide data free to
public. To ignore such a wealth of data is imprudent.
The deep, droughty sands of the Lower Coastal Plain have been shown to defy
typical soil moisture prediction. With the high fuel loads that can be present in this region
in the post-hurricane season (Cooke et al., 2007) and the possibility of increased fire risk
with warming temperatures (Mitchell et al., 2014), the ability to predict periods of high
fire risk is imperative. Previous work has shown the strong linkages between soil
moisture, KBDI, and live fine fuel moisture and ignitability. This thesis postulated that by
using public domain United States Geological Survey stream gauge date, live fuel
moisture can be reliable predicted. This study has shown that peaks in stream gauge
readings can reliably indicate peaks in soil moisture in real time similarly to KBDI
troughs and that absence of stream gauge peaks indicates drought conditions and
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increased fire fuel potential. These findings are consistent with known relationships
between water deficit increases and higher ignitability of fuels (Dimitrakopoulos et al.,
2010) and studies that demonstrate soil moisture deficit metrics are closely related to
surface dead litter fuel moisture (Pook and Gill, 1993) and the ignition delay timing and
burn rate of large diameter dead fuels (Albini and Reinhardt, 1995). The potential
usefulness of stream gauge readings to enhance both the spatial and temporal accuracy of
KBDI for monitoring live fuel moisture has been clearly shown by the observational data
and analysis of those data for this thesis. Operationalizing the stream gauge information
to make these enhancements is beyond the scope of this thesis, and some additional
research is needed before operational products can be developed. Also, questions
regarding whether stream gauge readings can be internally coupled with KBDI models
versus using stream gauge information to improve KBDI output sensitivity need to be
considered. Collection of stream gauge data is very computationally simple, and with
more than 100 USGS stream gauge stations in Mississippi alone compared to 19 RAWS
sites currently used for KBDI calculation, more accurate interpolation of landscape-level
moisture environments may be possible when compared to KBDI alone. Janis, Johnson,
and Forthun (2002) made the suggestion that the moderate errors that occur during both
IDW and kriging interpolation of KBDI could be substantially corrected with enhanced
network density. The more prolific stream gauge network could step in to increase the
accuracy of these interpolations. Additionally, while the relationship examined in this
thesis is expected to be poorly correlated on heavier soils and less hilly landscapes, those
sites are at a much lower inherent fire risk in the Southeastern United States (Grala and
Cooke, 2010). Finally, further consideration should be given to the need for replication of
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these results in different geographic areas and for a variety of soil catena situations, both
in locations proximal to relatively unmodified stream courses like the Black Creek
watershed, and in more heavily modified stream courses in other watersheds.
With more analysis and manipulation, the relationship between soil moisture
troughs and stream gauge baselines could be identified and used to define periods of
drying and drought stress within the root zone, thus leading to a better knowledge of the
fire fuel load present. From this research, there is evidence that stream gauge data can
infer nearby soil moisture state, particularly when binned into “above field capacity”
(flood risk) or “near wilting point” (increased fire fuel potential) subsets using
pedotransfer functions defined by Saxton and Rawls (2006); Gupta and Larson (1979); or
Ahuja et al. (1985), and combined with data sieved from soil taxonomic name, such as
drainage, texture, and presence of restrictive layers.
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